Abstract: Low-crested detached breakwaters (LCDBs) have been widely employed as a mitigation measure against beach erosion. However, only a few studies have assessed their performance in sea-breeze-dominated environments. This work investigates the beach morphodynamics behind LCDBs deployed on a micro-tidal sea-breeze-dominated beach. The study area, located in the northern Yucatán peninsula, is characterized by low-energy, high-angle waves, which drive a persistent (westward) alongshore sediment transport (O(10 4 ) m 3 /year). High-resolution real-time kinematics global positioning system (GPS) beach surveys were conducted over a one-year period (2017)(2018) to investigate the performance of LCDBs at three sites. Moreover, unmanned aerial vehicle flights were employed to evaluate far-field shoreline stability. Field observations revealed a distinct behavior in the three study sites, dependent on the breakwaters' transmission characteristics, geometry, stability, and shoreline orientation. Impermeable LCDBs, made of sand-filled geosystems, induced significant beach accretion (erosion) in up-(down-)drift areas. On the other hand, permeable LCDBs, made of Reef Ball™ modules, induced moderate beach changes and small erosion in down-drift areas owing to higher transmission coefficients. Measurements of LCDBs' freeboard height show that sand-filled geosystems' breakwaters presented a significant loss of sand during the study period, which explains the unexpected beach morphodynamic response on the lee side of the structure. Observations suggest that the study area is highly sensitive to the presence of LCDBs with low transmissivity.
Introduction
Sandy beaches and their associated front dunes provide both natural coastal protection against storm events and a habitat for different marine and terrestrial species. Therefore, beach erosion due to either natural or anthropogenic processes may cause environmental and economic impacts in the coast. This is particularly relevant in low-lying coastal areas, which are prone to climate change impacts, such as sea level rise and increasing storm activity [1] .
Despite the increasing popularity of soft engineering [2, 3] , mixed soft-hard systems [4] , and eco-engineering [5] solutions, so-called low-crested detached breakwaters (LCDBs), such as submerged rubble mounds, are popular in many locations around the world (e.g., [6] ). The main parameters controlling shoreline response in the presence of LCDBs are distance offshore, length and orientation of the structure, transmission characteristics of the structure, depth at the structure, freeboard height, and wave characteristics [7, 8] . Previous works have extensively investigated the stability, performance, and ecological impact of rubber-mound (conventional) LCDBs [8] [9] [10] [11] , but less 
Breakwater Characteristics
The low-crested detached breakwaters evaluated here are classified as impermeable and permeable based on the materials used for their construction. Differences in nearshore wave Low-crested structures were deployed between spring and summer 2017 in the northern Yucatán coast in Punta San Miguel, El Teresiano, and El Faro, located 10.5 km, 12 km, and 20 km from the Port of Progreso, respectively ( Figure 1 ). The structures are all located within 9.5 km of the coast, and hence, environmental conditions (wind, waves, and water levels) are homogenous at all sites. Furthermore, the beach is characterized by the presence of beach houses constructed close to the shore (<15 m) over the primary dune.
San Miguel is located in a natural rocky headland where the shoreline orientation changes from 54 to 85 • north ( Figure 1) . A 60-m rock revetment extends westward from the headland as a coastal protection measure to mitigate beach erosion. El Teresiano beach is located 1.5 km eastward from San Miguel and presents a uniform shoreline orientation of 80 • . The beach width is less than 5 m at the most critical location, and waves reach the beach houses during high tides. Impermeable detached submerged breakwaters, made of geotextile tubes filled of sand, were installed at these two sites to increase the beach width ( Figure 1) .
El Faro has a shoreline orientation of 84 • north (Figure 1 ), and the beach width at this site is <10 m. The coast is relatively pristine at the up-drift and down-drift side of the structure, but two beach houses are located behind the structure. The LCDBs deployed in El Faro are permeable.
The low-crested detached breakwaters evaluated here are classified as impermeable and permeable based on the materials used for their construction. Differences in nearshore wave transformation and sediment transport patterns were expected on the lee side of the structures owing to the distance to the undisturbed shoreline, freeboard height, breakwater length and orientation, and shoreline orientation ( Figure 2 ). The impermeable breakwaters are made of sand-filled geosystems, and the transmissivity depends only on the wave propagation above the freeboard crest. On the other hand, the artificial reef modules known as Reef Balls™ [30] are considered to be permeable structures, because they allow flow through the modules and the two 10-m gaps separating the three breakwater segments. An overview of the breakwaters' characteristics for each site is given in Table 1 and described in more detail below.
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The breakwater at San Miguel was composed of 6 sections and had a total length of 120 m with a minimum distance of 60 m to the original shoreline position (Figure 3a) . The structure was oriented 70° north. The three easternmost 20-m sections of the breakwater at San Miguel beach were constructed from 18 June to 25 June 2017. The fourth section was installed on 14 July 2017, and in the following days, the remaining two sections were deployed. The structure required 620 m 3 of sand, which was procured on site. The freeboard elevation (vertical distance between mean sea level and breakwater crest) in San Miguel varied between z = −0.36 and z = −0.64 m.
The LCDB at El Teresiano, composed of 8 sections, had a total length of 140 m with a distance to shore of 90 m and was oriented parallel to the shoreline (see Table 1 ). The structure required 720 m 3 of sand, which was taken from the submerged beach between the structure and the shoreline, at a water depth of 1.5 m. The structure construction took place from 8 May to 16 May 2017. The freeboard presented significant differences between each section of the breakwater. At the time of deployment, The impermeable structures were installed at San Miguel and El Teresiano beaches ( Figure 1 ). The structures were constructed with 10-and 20-m sections of propylene geotextile mesh filled with sand with a minimum resistance of 50 × 105 kN/m, 415 gr/m 2 , and 1.3 mm thickness. According to the design, each section has a width of 1.83 m and a height of 0.90 m when filled to 70% of its capacity.
The breakwater at San Miguel was composed of 6 sections and had a total length of 120 m with a minimum distance of 60 m to the original shoreline position (Figure 3a) . The structure was oriented 70 • north. The three easternmost 20-m sections of the breakwater at San Miguel beach were constructed from 18 June to 25 June 2017. The fourth section was installed on 14 July 2017, and in the following days, the remaining two sections were deployed. The structure required 620 m 3 of sand, which was procured on site. The freeboard elevation (vertical distance between mean sea level and breakwater crest) in San Miguel varied between z = −0.36 and z = −0.64 m.
The LCDB at El Teresiano, composed of 8 sections, had a total length of 140 m with a distance to shore of 90 m and was oriented parallel to the shoreline (see Table 1 ). The structure required 720 m 3 of sand, which was taken from the submerged beach between the structure and the shoreline, at a water depth of 1.5 m. The structure construction took place from 8 May to 16 May 2017. The freeboard presented significant differences between each section of the breakwater. At the time of deployment, the breakwater at El Teresiano had a freeboard that varied between z = −0.48 and z = −1.02 m along the structure. This heterogeneity was not consistent with the design. Figure 3 shows the layout of the two impermeable structures. the breakwater at El Teresiano had a freeboard that varied between z = −0.48 and z = −1.02 m along the structure. This heterogeneity was not consistent with the design. Figure 3 shows the layout of the two impermeable structures. 
Permeable Breakwaters
The permeable LCDB installed at El Faro beach was built using Reef Balls™. These are perforated hemispherical-shaped modules, available in different sizes, made of pH-neutralized concrete designed by Reef Ball Development Group, Ltd (Sarasota, FL, USA). The breakwater at El Faro has a total length of 107 m and consists of three 29-m sections separated by 10-m gaps ( Figure 4 ). The structure was built with 135 elements of pallet balls arranged in two rows. The pallet balls are 800-kg elements, 0.90 m high, and with a 1.22-m diameter. The structure is oriented parallel to the shoreline, 48 m offshore (Figure 4 ). This field of detached breakwaters is considered, in this study, to be a single (permeable) breakwater. 
Materials and Methods
Beach surveys were undertaken before the structure deployment in the three sites, and hence, beach morphology evolution could be evaluated with respect to the undisturbed condition. The freeboard elevation and breakwater length were periodically measured to assess structure variability. Furthermore, beach surveys and unmanned aerial vehicles (UAVs) flights were conducted to assess the functionality and far-field impact on adjacent beaches, respectively. Water levels and wave conditions were also measured to correlate the observed beach changes with the forcing conditions.
Beach Surveys
Beach surveys were conducted by means of a Leica™ real-time kinematics differential global positioning system (RTK-DGPS). Cross-shore transects were surveyed in the down-drift and up-drift 
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Beach Surveys
Beach surveys were conducted by means of a Leica™ real-time kinematics differential global positioning system (RTK-DGPS). Cross-shore transects were surveyed in the down-drift and up-drift areas and on the lee side of each structure with high spatial resolution. The GPS base and radio were installed inland on a fixed structure, specially built for this study, at each site, with known x, y, and z coordinate locations. The rover DGPS was installed in a backpack to facilitate walking along each transect, starting from the dry beach and extending offshore until reaching a water depth of approximately 1.6 m. The beach surveys covered an alongshore stretch ranging from 300 to 400 m, decreasing the separation between transects to 10 m on the lee side of the structures and increasing the separation to 20 m near the up-/down-drift boundaries of the surveyed area. A control point was measured at the beginning and at the end of each survey to correct the rover height on the backpack due to probable small vertical variations in its position during each survey. Typically, 20 cross-shore transects were surveyed at each site. However, the number of transects was increased in San Miguel from 20 to 27 due to the significant down-drift erosion observed beyond the original surveyed area ( Figure 5 ). approximately 1.6 m. The beach surveys covered an alongshore stretch ranging from 300 to 400 m, decreasing the separation between transects to 10 m on the lee side of the structures and increasing the separation to 20 m near the up-/down-drift boundaries of the surveyed area. A control point was measured at the beginning and at the end of each survey to correct the rover height on the backpack due to probable small vertical variations in its position during each survey. Typically, 20 cross-shore transects were surveyed at each site. However, the number of transects was increased in San Miguel from 20 to 27 due to the significant down-drift erosion observed beyond the original surveyed area ( Figure 5 ).
The first survey at each site was taken as a reference to estimate relative sand volume changes. The shoreline position was estimated to be the cross-shore location with an elevation z = 0. Additionally, three-dimensional (3D) measurements allowed us to estimate the seabed changes in both the aerial and submerged beach profiles. A total of 43 beach surveys were conducted with approximately 14 surveys at each site (see symbols in Figure 6 ). UAV flights have become a useful instrument in coastal studies [31] ; the predominant advantages, including larger surveyed areas than GPS, graphic documentation through orthomosaics of the surveyed area, repeatability, and low cost, and, with the use of ground control points, centimeter-level precision digital surface models (DSMs) can be achieved. In this study, a Phantom 4 DJI quadcopter was used in combination with Pix4D Capture for flight planning and Pix4D Mapper to obtain digital surface models and subsequently extract the shoreline (z = 0).
Flights were conducted on a monthly basis for each site and when a scheduled engineering intervention or a storm event occurred. The mapped areas were rectangular with designed fixed parameters, such as a double grid to correctly compute the 3D models, 30-m flight altitude, 75% image overlap, 90-degree camera position, and medium-speed flight. Depending on the site and the complexity of the area, a series of missions was used (e.g., San Miguel was covered by 4 separate missions in each survey; see rectangles in Figure 5 ).
The accuracy of the ortho-mosaics and the DSMs depends largely on the quality and the coverage of the ground control points (GCPs) given that the surveyed images did not include a precise UAV location. Therefore, an average of 25 GCPs, precisely measured using RTK-DGPS, was used in each flight. Horizontal coordinates were referenced to the World Geodetic System of 1984 (WGS 1984) using the Universal Transverse Mercator coordinate system (UTM)Zone 16 N, and the vertical values were referenced to mean sea level using Gravimetric Mexican Geoid version 2010 (GGM10). The accuracy of the DSMs was validated using the RTK-DGPS data. The first survey at each site was taken as a reference to estimate relative sand volume changes. The shoreline position was estimated to be the cross-shore location with an elevation z = 0. Additionally, three-dimensional (3D) measurements allowed us to estimate the seabed changes in both the aerial and submerged beach profiles. A total of 43 beach surveys were conducted with approximately 14 surveys at each site (see symbols in Figure 6 ). The obtained DSMs were integrated into the ArcGIS geographic information system, from which the coastline was obtained (z = 0) and put into the Digital Shoreline Analysis System [32] , from which the shoreline change rate was obtained over the study period.
Waves and Water Level
Waves were measured with an RDI acoustic doppler velocimeter installed at 10-m water depth and located approximately 10 km offshore (see Figure 1 ). Wave measurements are depicted by the blue line in Figure 6a . Gaps in the record, due to instrument malfunction, were filled out using National Oceanic and Atmospheric Administration (NOAA) Wave Watch III hindcast data (black line in Figure 6a ), corresponding with the closest node from the instrument's location. Maximum wave heights often occur during late fall and early spring and are associated with cold-front events, which drive NNW swells (Figure 6a ). On the other hand, predominant, short-period NE waves associated with sea breeze events are present all year but are more frequent and intense during the spring-summer months, when cold fronts are absent ( 
Results
Environmental conditions, structure variability, and anthropogenic actions play an important role in beach morphodynamics. Thus, high spatial and temporal resolution monitoring allows us to understand a sea breeze-dominated beach's morphological responses to LCDBs. The analysis of the UAV flights have become a useful instrument in coastal studies [31] ; the predominant advantages, including larger surveyed areas than GPS, graphic documentation through ortho-mosaics of the surveyed area, repeatability, and low cost, and, with the use of ground control points, centimeter-level precision digital surface models (DSMs) can be achieved. In this study, a Phantom 4 DJI quadcopter was used in combination with Pix4D Capture for flight planning and Pix4D Mapper to obtain digital surface models and subsequently extract the shoreline (z = 0).
The accuracy of the ortho-mosaics and the DSMs depends largely on the quality and the coverage of the ground control points (GCPs) given that the surveyed images did not include a precise UAV location. Therefore, an average of 25 GCPs, precisely measured using RTK-DGPS, was used in each flight. Horizontal coordinates were referenced to the World Geodetic System of 1984 (WGS 1984) using the Universal Transverse Mercator coordinate system (UTM)Zone 16 N, and the vertical values were referenced to mean sea level using Gravimetric Mexican Geoid version 2010 (GGM10). The accuracy of the DSMs was validated using the RTK-DGPS data.
The obtained DSMs were integrated into the ArcGIS geographic information system, from which the coastline was obtained (z = 0) and put into the Digital Shoreline Analysis System [32] , from which the shoreline change rate was obtained over the study period.
Waves and Water Level
Waves were measured with an RDI acoustic doppler velocimeter installed at 10-m water depth and located approximately 10 km offshore (see Figure 1) . Wave measurements are depicted by the blue line in Figure 6a . Gaps in the record, due to instrument malfunction, were filled out using National Oceanic and Atmospheric Administration (NOAA) Wave Watch III hindcast data (black line in Figure 6a) , corresponding with the closest node from the instrument's location. Maximum wave heights often occur during late fall and early spring and are associated with cold-front events, which drive NNW swells (Figure 6a ). On the other hand, predominant, short-period NE waves associated with sea breeze events are present all year but are more frequent and intense during the spring-summer months, when cold fronts are absent (Figure 6a and see Figure 2 in [23] ). Mean sea level was recorded with a tidal gauge from the National Mareographic Service (www.mareografico.unam.mx) located in the Progreso Pier (see Figure 1) . A local storm called "turbonada" increased the mean sea level significantly on 4 May 2017 (Figure 6b ).
Results
Environmental conditions, structure variability, and anthropogenic actions play an important role in beach morphodynamics. Thus, high spatial and temporal resolution monitoring allows us to understand a sea breeze-dominated beach's morphological responses to LCDBs. The analysis of the structure variability and the beach's morphological responses, based on field observations, is presented in this section.
Structures' Freeboard Variability
The impermeable LCDBs presented high spatial and temporal variability with respect to freeboard elevation. In the case of San Miguel, the deployment of the different sections was not uniform with the differences in elevation of 0.4 m between the sections (Figure 7a) . Furthermore, the eastward sections' height changed up to −0.2 m in the two months following the installation due to loss of sand. The westmost section was torn apart in November 2017 to reduce down-drift erosion. By 11 April 2018, only the two middle sections remained, and by June, the breakwater was completely deflated (Figure 7a) . (Figure 7a) .
The breakwater at El Teresiano also presented significant differences with respect the freeboard height along the structure. The middle sections continuously lost elevation due to sand losses and were significantly reduced two months after deployment and almost completely deflated 10 months later. By 18 April 2018, only two 40-m sections remained with a gap between the sections of 60 m (Figure 7b ). On the other hand, the breakwaters made of Reef Ball™ modules remined stable with freeboard changes of less than 0.10 m at the end of the study period (Figure 7c ). 
Morphodynamic Response
The importance of conducting high-resolution DGPS monitoring to explain beach changes is illustrated in San Miguel. The structure at this location was deployed with the aim of increasing the beach width at this natural headland to protect beach properties.
The beach morphology and structure history in San Miguel are shown in Figure 8 . No significant changes were observed near the headland prior to the structure deployment (Figure 8a,b) . The first half of the structure was deployed by 28 June 2017, and hence, some accumulation occurred at the eastward transects due to the net westward sediment transport (Figure 8c ). The structure was fully deployed in July, and hence, the beach width increased behind the eastern half of the structure with low elevation, owing to the prevailing sea breeze conditions (Figure 8d ). These conditions persisted until the beginning of the cold-front season, when swell waves decreased the salient length, increasing the beach elevation on the lee side of the structure and allowing sediment accretion in the western side (Figure 8e-i) . However, significant beach erosion occurred at the down-drift (westward) beaches (Figure 8d-h ). To mitigate down-drift beach erosion associated with sediment transport The breakwater at El Teresiano also presented significant differences with respect the freeboard height along the structure. The middle sections continuously lost elevation due to sand losses and were significantly reduced two months after deployment and almost completely deflated 10 months later. By 18 April 2018, only two 40-m sections remained with a gap between the sections of 60 m (Figure 7b ). On the other hand, the breakwaters made of Reef Ball™ modules remined stable with freeboard changes of less than 0.10 m at the end of the study period (Figure 7c ).
The beach morphology and structure history in San Miguel are shown in Figure 8 . No significant changes were observed near the headland prior to the structure deployment (Figure 8a,b) . The first half of the structure was deployed by 28 June 2017, and hence, some accumulation occurred at the eastward transects due to the net westward sediment transport (Figure 8c ). The structure was fully deployed in July, and hence, the beach width increased behind the eastern half of the structure with low elevation, owing to the prevailing sea breeze conditions (Figure 8d ). These conditions persisted until the beginning of the cold-front season, when swell waves decreased the salient length, increasing the beach elevation on the lee side of the structure and allowing sediment accretion in the western side (Figure 8e-i) . However, significant beach erosion occurred at the down-drift (westward) beaches (Figure 8d-h) . To mitigate down-drift beach erosion associated with sediment transport gradients due to wave diffraction, the westmost 20-m section of the geotextile was removed, inducing a positive recovery effect (Figure 8i-k) . However, in January 2018, the authorities decided to remove sand from the salient to nourish the down-drift beaches and prevent the formation of a tombolo. The estimated volume extracted was 600 m 3 , which was taken from the subaerial beach (decreasing beach elevation) and was placed in the down-drift transects with low elevation (Figure 8l ). The effect of this action was negligible one week later (Figure 8m) , and the salient size increased during the following month (Figure 8n ). During the following months, the eastward sections of the breakwater were torn apart (Figure 7a) , gradually emptying and decreasing their freeboard height. Only two 20-m sections remained by April 2018. The resulting configuration of the LCDB induced the formation of a sand spit (Figure 8o) , reducing the sediment supply and eroding the beach as far as 500 m in the down-drift areas. Table 2 summarizes the chronology of the main environmental and anthropogenic events controlling the morphological response at this site. 
Spatial and Temporal Variability of Sand Volume
The volumetric changes were estimated using the high-resolution surveys from each site. The volume changes were computed for both the up-drift and down-drift areas taking as a reference the beach transect located at the center of the structure. Thus, the volume was integrated in the cross- 
The volumetric changes were estimated using the high-resolution surveys from each site. The volume changes were computed for both the up-drift and down-drift areas taking as a reference the beach transect located at the center of the structure. Thus, the volume was integrated in the cross-shore (from the landward limit of each transect until h > −1.5 m) and alongshore direction (from the middle transect toward the down-drift and up-drift boundaries). The relative volume changes were estimated with respect to the reference volume obtained from the initial survey (without structures).
The up-drift (east, blue bars in Figure 9 ) area showed a volume increase in all sites, with a more significant increase with respect to the impermeable structures (Figure 9a,b) . San Miguel beach showed a consistent accretion in the up-drift side, reaching more than 5000 m 3 in one year. Similar behavior was observed at El Teresiano but with a lower volume change (2500 m 3 ) over the same period. El Faro showed more sensitivity to seasonal changes, with a maximum accretion of 1500 m 3 but decreasing to less than 1000 m 3 by the end of the study period. On the other hand, the down-drift volume (red bars in Figure 9 ) showed a significant volume decrease with respect to the impermeable structures (Teresiano: 1000 m 3 ; San Miguel: 2000 m 3 ). The beach retreat in San Miguel was limited by a revetment that constrained the volume decrease. The permeable LCDB in El Faro, made of Reef Balls™, showed erosion at the down-drift side at about the same rate as the beach accretion during the first months. However, with the start of the cold-front season, the alongshore transport reversed, and the down-drift erosion decreased, turning into down-drift accretion at about the same volume as the up-drift accretion by the end of the study period (red bars in Figure 9c ). The up-drift (east, blue bars in Figure 9 ) area showed a volume increase in all sites, with a more significant increase with respect to the impermeable structures (Figure 9a,b) . San Miguel beach showed a consistent accretion in the up-drift side, reaching more than 5000 m 3 in one year. Similar behavior was observed at El Teresiano but with a lower volume change (2500 m 3 ) over the same period. El Faro showed more sensitivity to seasonal changes, with a maximum accretion of 1500 m 3 but decreasing to less than 1000 m 3 by the end of the study period. On the other hand, the down-drift volume (red bars in Figure 9 ) showed a significant volume decrease with respect to the impermeable structures (Teresiano: 1000 m 3 ; San Miguel: 2000 m 3 ). The beach retreat in San Miguel was limited by a revetment that constrained the volume decrease. The permeable LCDB in El Faro, made of Reef Balls™, showed erosion at the down-drift side at about the same rate as the beach accretion during the first months. However, with the start of the cold-front season, the alongshore transport reversed, and the down-drift erosion decreased, turning into down-drift accretion at about the same volume as the up-drift accretion by the end of the study period (red bars in Figure 9c ). The subaerial beach volume (z > −0.5 m) was also computed and evaluated at each beach profile (Figure 10) . San Miguel showed a clear accretion/erosion trend in the eastern/western beach profiles (Figure 10a ). This highlights the large impoundment produced by this LCDB. The negative impact on the down-drift side might have been enhanced by the drastic change in shoreline orientation at The subaerial beach volume (z > −0.5 m) was also computed and evaluated at each beach profile ( Figure 10) . San Miguel showed a clear accretion/erosion trend in the eastern/western beach profiles (Figure 10a ). This highlights the large impoundment produced by this LCDB. The negative impact on the down-drift side might have been enhanced by the drastic change in shoreline orientation at this site, large B/S ratio, and high freeboard elevation. El Teresiano showed a moderate down-drift effect, which was attenuated by the end of the study period due to changes in the structure's elevation (Figure 10b ). However, with the start of the sea breeze season, the accretion increased in the up-drift area. The LCDB made of Reef Balls™ modules showed a negative effect in the down-drift side, followed by a sustained volume increase at the beginning of the cold-front season. The accretion induced by the permeable structure was moderate as compared with that of the impermeable ones. 
Trends: Shoreline, Volume, and Seabed Elevation
The trends of the shoreline position, emerged beach volume, and seabed elevation were estimated for the three sites during the study period. The rates of shoreline change were calculated using the shoreline (z = 0) extracted from the UAV flight data (San Miguel and El Teresiano) and DGPS surveys (El Faro). The rate of volume change and seabed elevation were calculated for the emerged section of each DGPS surveyed beach profile, considering z = −0.5 m to be the depth of the end of the emerged beach. The three beaches showed similar behavior with respect to trends in the shoreline position and in the emerged beach volume, with positive values in the eastern sections of the beach and less positive or negative values in the western sections. However, the magnitude and extension of the region with positive trends varied widely between sites.
San Miguel beach (Figure 11 ) showed the highest positive and negative shoreline trends of the three beaches. In the shadow area of the eastern section of the structure, the change rate was as high as 30 m/year. On the other hand, in the western section, the shoreline trends were negative-even in the shadow area of the structure-with values as low as −20 m/year in the down-drift section ( Figure  11b 
San Miguel beach (Figure 11 ) showed the highest positive and negative shoreline trends of the three beaches. In the shadow area of the eastern section of the structure, the change rate was as high as 30 m/year. On the other hand, in the western section, the shoreline trends were negative-even in the shadow area of the structure-with values as low as −20 m/year in the down-drift section (Figure 11b ). Although the original flight path considered approximately 350 m on the western side of the structure, there was clear evidence that the negative trend extended as far as 500 m in the down-drift side. The change in the emerged beach volume showed similar trends with values ranging between +39.1 and −8.3 m 3 /m/year (Figure 11c) . The beach presented a large accumulation of sediment in the eastern section of the study area. Figure 11d presents the rate of change in the elevation between 27 April 2017 (before the deployment of the structure) and 7 March 2018. In certain regions, the increase in beach elevation over the course of one year was larger than +1.5 m near the salient, whereas the decrease in the down-drift (western) locations reached values larger than −1.0 m.
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El Teresiano (Figure 12 ) displayed a similar pattern, although (i) positive trends showing an advance in the shoreline position were below 20 m/year, (ii) the region where the shoreline trends were positive covered a wider section along the beach, and (iii) the negative trends also showed smaller values (>−5 m/year, Figure 12b ). Regarding the volume, the trends varied between +10.8 and −3.5 m 3 /m/year ( Figure 12c ). As presented in Figure 12d , the increase in elevation between 27 April and 18 April 2018 reached values similar to that in San Miguel (Figure 11d) . However, the maximum decrease in elevation near the shoreline and in the emerged beach was found to be −0.4 m, less than half that in San Miguel.
As for El Faro (Figure 13 ), the shoreline advance trends were positive on the lee side of the structure, with values below 6 m/year (Figure 13b (Figure 12c ). As presented in Figure 12d , the increase in elevation between 27 April and 18 April 2018 reached values similar to that in San Miguel (Figure 11d) . However, the maximum decrease in elevation near the shoreline and in the emerged beach was found to be −0.4 m, less than half that in San Miguel. 
Discussion
A major problem with LCDB design is the difficulty of predicting the morphodynamic response on the lee side of the structure [7] . Empirical formulations, relating the distance to the tip of the salient Xoff, the length of the structure B, and the distance to the undisturbed shoreline position S, predict a power curve relationship given by the following:
where the size of the salient and the parameters a and b are those proposed by [18] and [17] A distinct morphological response of the beach salient was observed in the three sites. The maximum shoreline salient size was measured in San Miguel, followed by El Teresiano and El Faro, respectively (Table 3 and Figures 11b, 12b, and 13b ). Empirical formulations (e.g., [17, 18] ) were employed, finding a satisfactory agreement for San Miguel (Table 3 ). This suggests that the beach response associated with a sand-filled geosystem can be predicted by the formulation developed by 
A major problem with LCDB design is the difficulty of predicting the morphodynamic response on the lee side of the structure [7] . Empirical formulations, relating the distance to the tip of the salient X off , the length of the structure B, and the distance to the undisturbed shoreline position S, predict a power curve relationship given by the following:
where the size of the salient Y s = S − X o f f and the parameters a and b are those proposed by [18] and [17] for a single emergent breakwater (a = 0.68 and b = −1.22), reefs (a = 0.50 and b = −1.27), and islands (a = 0.40 and b = −1.52), respectively. A distinct morphological response of the beach salient was observed in the three sites. The maximum shoreline salient size was measured in San Miguel, followed by El Teresiano and El Faro, respectively (Table 3 and Figures 11b, 12b and 13b ). Empirical formulations (e.g., [17, 18] ) were employed, finding a satisfactory agreement for San Miguel (Table 3 ). This suggests that the beach response associated with a sand-filled geosystem can be predicted by the formulation developed by [17] for reefs. However, large differences between the observations and model predictions for El Teresiano were found (Table 3 ). The latter can be ascribed to the continuous loss of sand in the middle sections of the geosystem (Figure 7b ), which transformed a 140-m long breakwater into two 40-m long breakwaters separated by a 60 m gap. Applying the model developed by [17] to the case of El Teresiano for a 40-m breakwater predicted the size of the salient accurately (i.e., Y s = 20 m). On the other hand, the shoreline salient on the lee side of the breakwater at El Faro was not predicted by any model, owing to the high transmissivity through the modules and the gaps between the sections. The formulations by [18] consistently underpredicted the salient size for impermeable LCDBs. Sand-filled geosystems are highly vulnerable to vandalism in this area, and hence, the useful life of the structure can be drastically reduced. Furthermore, the tearing apart of the geotube sections plays an important role in beach evolution, leaving behind emptied geotextiles that are difficult to remove; moreover, the degradation of such geotextiles might have a negative ecological impact. It is not clear how the effect LCDBs with sand-filled geosystems can be correctly predicted if they are so prone to tearing and subsequent deflation.
Conclusions
A micro-tidal, sea-breeze-dominated beach's morphological responses to both impermeable and permeable low-crested detached breakwaters was analyzed based on high-resolution field observations. The following conclusions were found:
(1). Impermeable structures induced a salient located on the up-drift (east) side behind the structure, as well as down-drift erosion. The position and size of the salient is highly sensitive to the breakwater orientation with respect to the shoreline. Predicting the performance of sand-filled geosystems LCDBs is challenging owing to the high spatial and temporal variability of the structure. (2). The permeable LCDB induced an order of magnitude less accretion and erosion than the impermeable structures, with a more symmetric salient on the lee side of the structure. The structures were found to remain stable during the study period. Based on observations, permeable (high transmissivity) structures are more suitable for the study area due to the persistent alongshore transport. (3). The subaerial beach volume increase on the lee side of the LCDBs was strongly correlated with the beginning of the Central America cold surge season (i.e., October), owing to the combination of the maximum mean sea level and swell conditions. On the other hand, the freeboard elevation changes in the geotube sections showed no correlation with high energy conditions and hence can be ascribed to external factors. (4) . High spatial and temporal resolution measurements, combining DGPS and UAVs flights, were found to be important to explain far-field morphological changes. (5) . The design of sand-filled geosystems can be approximated with the formulation of [17] developed for reefs. On the other hand, the development of new formulations for high transmissivity structures, such as LCDB made of Reef Balls™ modules, is warranted. 
